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In vitro scratch assay, cytotoxicity, DNA/BSA
binding properties, and antimicrobial activity
of green synthesized TiO, nanoparticles

via neem flowers

Palanivelmurugan Mohanasundaram and Mary Saral A. (2 *

Titanium dioxide nanoparticles (TiO, NPs) were prepared using an extract from Azadirachta indica
(Neem) flowers. Their properties were examined using UV-visible and infrared spectroscopy, while their
crystallinity was assessed through pXRD analysis. Their shape, size, and morphology were further studied
using FESEM and TEM techniques. XRD analysis confirmed the anatase phase of the nanoparticles. TEM
results indicated particle sizes in the range of 20 to 30 nm. The EDAX spectrum confirms the presence
of both titanium and oxygen in the sample. The TiO, NPs demonstrated significant biological activities,
including antioxidant, antibacterial, antifungal, and cytotoxic properties. Their antioxidant activity
exhibited effective ICsq values, while antimicrobial studies indicated strong activity against pathogens.
Additionally, the nanoparticles showed significant binding affinity toward DNA and BSA, highlighting their
potential for biomedical applications. Cytotoxicity tests on normal HEK-293 cell lines revealed minimal
toxicity, suggesting suitability for further clinical research. In vitro scratch assays were carried out with
L929 fibroblast cells which show significant cell migration and proliferation. The present study
concludes that TiO, NPs have potential for diverse applications, including antioxidant, antimicrobial, and

rsc.li/materials-advances bioengineering uses.

Introduction

Advancements in nanotechnology have heralded a transforma-
tive era in materials science, enabling the synthesis of nano-
particles with tailored physicochemical properties and diverse
applications. Among various nanoparticles, titanium dioxide
(TiO,) has garnered significant attention due to its remarkable
properties such as high surface area, photocatalytic activity,
non-toxicity, and chemical stability." TiO, nanoparticles (NPs)
have been extensively explored for applications ranging from
photocatalysis and environmental remediation to biomedical
uses, including antimicrobial agents, drug delivery systems,
and cancer therapies.*”® However, the synthesis method pro-
foundly influences the properties and effectiveness of TiO, NPs.
In recent years, green synthesis has emerged as a sustainable
and eco-friendly alternative to conventional chemical and phy-
sical methods for nanoparticle production. The green synthesis
approach leverages biological materials such as plant extracts,
microorganisms, and enzymes as reducing and stabilizing
agents. This methodology offers significant advantages, including
reduced use of hazardous chemicals, lower energy consumption,

Department of Chemistry, School of Advanced Sciences, Vellore Institute of
Technology, Vellore, Tamil Nadu, 632014, India. E-mail: amarysaral@vit.ac.in

© 2025 The Author(s). Published by the Royal Society of Chemistry

and the generation of biocompatible and environmentally benign
nanoparticles.”™" Plant-based green synthesis, in particular, has
gained traction due to the rich reservoir of bioactive compounds
in plants that facilitate the rapid and efficient synthesis of
nanoparticles. These bioactive compounds, including phenolics,
flavonoids, alkaloids, and terpenoids, serve as natural reducing
agents, imparting additional functionalities to the synthesized
nanoparticles. Green-synthesized titanium dioxide nanoparticles
(TiO, NPs) have garnered significant attention due to their
sustainable production methods and broad applicability across
various fields. These nanoparticles are extensively used in
cosmetics, pharmaceuticals, biosensors, cancer therapy, drug
delivery, and genetic engineering due to their unique physico-
chemical and biological properties. One of the key advantages
of TiO, NPs is their multifunctionality, exhibiting remarkable
antibacterial, antibiofilm, antifungal, antileishmanial, antiox-
idant, and larvicidal properties. Their potent anticancer activity
is particularly noteworthy, as they can induce cytotoxic effects
in tumor cells, contributing to the suppression of cancerous
growth. Additionally, their photocatalytic properties make
them valuable in environmental remediation and biomedical
applications, enhancing their efficacy in targeted drug delivery
and cancer therapy. Due to their biocompatibility and eco-
friendly synthesis, TiO, NPs have emerged as a promising
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alternative to conventional nanoparticles, offering safer and more
efficient solutions in both medical and industrial domains."*™*
The neem tree (Azadirachta indica), a highly versatile medicinal
plant, has been widely researched for its health benefits. Different
parts of the tree, including its leaves, bark, seeds, and flowers,
are abundant in bioactive compounds known for their anti-
oxidant, antimicrobial, anticancer, and anti-inflammatory
effects.’®* Neem flowers, in particular, contain a plethora of
secondary metabolites, including flavonoids, terpenoids, and
phenolic compounds, making them an excellent candidate for
green nanoparticle synthesis.>>>° Utilizing neem flower
extracts for the synthesis of TiO, nanoparticles presents a dual
advantage: the production of functionalized nanoparticles with
enhanced biological activities and the valorization of plant-
based resources. This study focuses on the synthesis of TiO,
nanoparticles using neem flower extract as a reducing and
stabilizing agent. The green synthesis process is explored for
its simplicity, cost-effectiveness, and ability to produce biocom-
patible nanoparticles. The resulting TiO, NPs are characterized
to evaluate their structural, morphological, and physicochem-
ical properties.

Materials and methods
Chemicals

All the metal salts and solvents were purchased from Merck
India and were of analytical grade. The experiment utilized
double distilled water at all stages.

Preparation of neem flower extract

Flowers from a single neem tree were collected in Vellore
during February and March 2020. After harvesting, the flowers
were dried in the shade and stored in an airtight container for
future use. The extraction process and phytochemical analysis
of the neem flower extract were carried out using the methods
described in our earlier studies.*®

Synthesis of TiO, nanoparticles

TiO, nanoparticles (TiO, NPs) were synthesized using an aqu-
eous extract of neem flowers, following a slightly modified
version of a standard procedure.’’ In summary, 10 mg of
concentrated neem flower extract was dissolved in 20 mL of
water and gradually added dropwise to a solution containing
TTIP (titanium tetraisopropoxide, 0.750 pL in 100 mL of water)
under magnetic stirring at room temperature overnight. The
solution was stirred until a reddish-brown color developed and
then incubated at room temperature for two hours. The mixture
was centrifuged at 7000 rpm for 15 minutes, and the resulting
pellets were washed thoroughly with water and ethanol to
remove impurities and residual organic material. The cleaned
pellets were dried at 100 °C for two hours, ground into a fine
powder using a mortar and pestle, and calcined at 500 °C for
two hours. The final powder was stored in an airtight container
at 4 °C for future analysis.
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Characterization

The synthesized TiO, nanoparticles (NPs) were thoroughly
characterized using a range of analytical techniques, including
FTIR, UV-vis spectroscopy, XRD, BET analysis, photolumines-
cence (PL), zeta potential analysis, TEM, and FE-SEM. FTIR
analysis was performed with a SHIMADZU IR Affinity spectro-
meter over a wavelength range of 4000-400 cm™ ', with samples
prepared using anhydrous KBr pellets. Elemental composition
was determined using an Elementar Vario EL III instrument.
Optical properties were studied with a JASCO V-670 UV-vis
spectrophotometer, while XRD patterns were recorded using a
BRUKER D8 Advance diffractometer, and the crystalline size
and structure were calculated using the Scherrer equation
(D = KA/f cos 0).

The morphological and structural features were analyzed
through field emission scanning electron microscopy (FE-SEM)
and energy-dispersive X-ray spectroscopy (EDX) using an FEI
Quanta 250 FEG system. High-resolution transmission electron
microscopy (TEM) was conducted with a JEOL JEM-2100
Plus microscope. The stability and size distribution of the
TiO, nanoparticles were assessed through zeta potential and
dynamic light scattering (DLS) analyses using a Horiba SZ-100.
This comprehensive characterization approach provided in-
depth insights into the physicochemical properties of the synthe-
sized nanoparticles.

Anti-oxidant activity

The antioxidant potential of TiO, NPs was evaluated using
different methods.**??

DPPH radical scavenging activity. The antioxidant capacity
of TiO, nanoparticles (NPs) was evaluated using a DPPH assay.
Different concentrations of TiO, NPs (20-100 pg mL ") pre-
pared in methanol were combined with a 1 mM DPPH solution
and allowed to incubate at rt for 30 minutes. The abs. of the
samples and the control were then recorded at 517 nm. The
percentage of inhibition was calculated as follows:

% Inhibition = [(AbScontrot — AbSsampie)/AbScontrol] % 100.

Reducing power assay. TiO, nanoparticles (NPs) were tested
at concentrations ranging from 20 pg mL ™" to 100 ug mL~". The
samples were combined with 0.2 M phosphate buffer and 1%
potassium ferricyanide, with ascorbic acid serving as a positive
control. The reducing power was evaluated by measuring the
absorbance of the samples at 700 nm.

Phospho-molybdenum assay. TiO, nanoparticles (NPs) were
tested at concentrations ranging from 20 to 100 pg mL~". Each
test tube contained the TiO, NPs, 3 mL of dd water, and 1 mL of
molybdate reagent. The samples and ascorbic acid abs. were
measured at 695 nm.

Antimicrobial activity

The antibacterial properties of TiO, nanoparticles (NPs) were
investigated using the standard disc diffusion method.***> The
antimicrobial activity of the samples was evaluated based on a
previously reported protocol, with dimethyl sulfoxide (DMSO)

© 2025 The Author(s). Published by the Royal Society of Chemistry
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employed as a negative control. Various concentrations of
TiO, NPs (25, 50, 75, and 100 pug mL™ ') were tested against
Staphylococcus aureus (ATCC 25923), Pseudomonas aeruginosa
(ATCC 27853), Candida tropicalis (ATCC 10231), and Candida
glabrata (MTCC 3019). Standard antibiotics, including ampicillin
for bacterial strains and ketoconazole for fungal strains, were
used as positive controls. All experiments were conducted in
triplicate to ensure reliability, with the inoculated plates incu-
bated at 37 °C for 24 hours. The antimicrobial efficacy was
determined by measuring the diameter of the inhibition zones
around the discs, recorded in millimeters (mm).

DNA binding study

The DNA binding ability of the extracts was investigated follow-
ing established protocols.>®?” The sample was prepared in a
Tris-HCl/NaCl buffer, and the concentration of calf thymus
DNA (CT-DNA) was determined from its absorbance spectrum.
Titration was performed by gradually increasing the CT-DNA
concentration with absorbance measurements taken after each
addition. A plot of [DNA]J/(e, — &) vs. [DNA] was constructed,
and the binding constant (K};,) was determined from the linear
fit of the plot using the equation:

[DNA] _[DNA] 1
K (g4 — ¢r)

1
&y — &f &p — &f ()

BSA binding study

Serum albumin proteins play a crucial role in drug transport
and metabolism within the bloodstream. The structural simi-
larity between human serum albumin (HSA) and BSA makes
BSA a useful model for quenching studies. In binding studies,
BSA was used to assess the drug-protein binding capacity.*®*”
Tris-HCI/NaCl buffer was used to prepare the BSA solution
(2 x 10° M) and the aqueous samples were added to this
solution. The fluorescence intensity of BSA was measured,
and a decrease in fluorescence indicated the interaction
between BSA and the compounds. The quenching constant
(Kgsa) was calculated using the Stern-Volmer equation. Addi-
tionally, the number of binding sites (n) was determined using
the Scatchard equation (eqn (2)).

I/T =1 + Kpsa[Q] = 1 + kq10[Q] (2)

log(l, — I/T) = log K + nlog[Q] (3)

Cytotoxicity

Monolayer cell cultures were trypsinized, and the cell concen-
tration was adjusted to 1.0 x 10° cells per mL in a medium
supplemented with 10% FBS. A 100 pL aliquot of this cell
suspension (50000 cells per well) was seeded into a 96-well
microtiter plate. After 24 hours of incubation, allowing a partial
monolayer to form, the supernatant was carefully removed, and
the wells were gently rinsed with fresh medium. Subsequently,
100 pL of various concentrations of the test drugs were added to
the wells. The plates were then incubated at 37 °C with 5% CO,
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for 24 hours. Following this incubation, the test solutions were
aspirated, and 100 pL of MTT solution (5 mg/10 mL in PBS) was
added to each well. The plates were incubated for another
4 hours at 37 °C in a 5% CO, environment. After incubation,
the supernatant was removed, and 100 uL of DMSO was added
to each well to dissolve the formazan crystals. The plates were
gently shaken, and absorbance was measured at 590 nm using
a microplate reader.*® The percentage of cell growth inhibition
and the ICs, value were calculated from the dose-response
curves.

% inhibition = 100 — (OD of sample/OD of control) x 100

In vitro wound scratch assay

Cells were detached from the tissue culture dish following
standard passaging procedures. A 6-well culture plate was
prepared by adding 1-2 mL of pre-warmed culture medium to
each well. Cells were then seeded in 24-well plates at a density
of 4000 cells per well and incubated at 37 °C with 5% CO, for
24 hours to allow attachment. After incubation, cells were
treated with test samples at their IC5, concentrations (uM)
and further incubated for the required duration. Once the cells
reached confluence, typically after 18-24 hours, a linear scratch
was made in the monolayer using a sterile cell scraper or pipette
tip. The monolayer was then gently washed with phosphate-
buffered saline (PBS) to remove detached cells, and fresh
culture medium was added to support the cell viability and
migration. Immediately after the scratch, cells were visualized
using a fluorescence microscope (Olympus CKX-53, Japan), and
the percentage of dead cells was quantified in at least three
randomly selected microscopic fields.

Results and discussion
UV vis analysis and bandgap calculations

The UV-vis absorption spectrum of the biosynthesized TiO,
nanoparticles (TiO, NPs) is shown in Fig. 1a, revealing a
distinct absorption peak at 315 nm. This observation aligns
with previously reported studies.’’*® The excitonic absorption
of the biogenically synthesized TiO, NPs exhibits a notable blue
shift at 325 nm, reflecting size-dependent optical properties.
The sharp and well-defined absorption peak indicates the
formation of monodispersed nanoparticles, likely due to sur-
face plasmon resonance. The band-gap energy of the TiO, NPs
was calculated as depicted in Fig. 1b. The band-gap energy was
determined by extrapolating the linear portion of the Tauc plot,
which represents the variation of (xkv)* as a function of photon
energy (hv). The band-gap energy values were derived using the
Tauc equation:

a(hv)® = A(hv — E)
In this equation, o denotes the absorption coefficient,
h represents Planck’s constant, v signifies the frequency of

the incident light, E, corresponds to the band-gap energy,
and A is a proportionality constant. The biosynthesized TiO,
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Fig. 1 (A) UV spectrum of the TiO, NPs. (B) Tauc plot for bandgap energy calculations. (C) FTIR spectrum of TiO, NPs. (D) XRD spectrum of TiO, NPs.

nanoparticles exhibited a band-gap energy of 3.13 eV, high-
lighting their potential for use in semiconductors, optics, and
biomedical applications. The high band-gap energy of the
TiO, NPs contributes to their excellent catalytic activity, UV
filtering properties, wound healing capabilities, and anti-
inflammatory effects.’®*! Consistent with previous research,
the band gap energy of TiO, nanoparticles produced through
the chemical method has been reported as 3.1 eV. In the
present study, the band gap energy determined using our
approach was 3.13 eV, yielding a relative error of 0.9%. This
minor discrepancy suggests strong agreement between the
two values, which may arise from variations in synthesis
parameters, nanoparticle size, or measurement precision.*

FTIR and pXRD analysis

The FTIR spectrum of the aqueous neem flower extract and the
green-synthesized TiO, nanoparticles (TiO, NPs) is shown in
Fig. 1c. A distinct peak at 3445 cm™ ' corresponds to O-H
stretching vibrations, indicating the presence of hydroxyl
groups associated with phenolics and flavonoids in the extract.
Peaks at 2932 cm ' and 2851 cm ' represent C-H stretching
vibrations, characteristic of aliphatic groups in phytochemicals.
The band at 1640 cm™" is attributed to C=O stretching vibra-
tions, suggesting the presence of aldehyde or ketone groups,
while the peak at 1380 cm ' corresponds to C-H bending

3536 | Mater. Adv, 2025, 6, 3533-3545

vibrations, confirming the involvement of organic compounds.
Aromatic stretching vibrations, indicative of aromatic com-
pounds derived from the extract, are also observed. These peaks
are present in both the extract and the TiO, NPs, confirming
that the phytochemicals in the extract play a crucial role in
nanoparticle formation. Additionally, the peak at 530 cm™" is
associated with metal-oxygen (Zn-O) stretching vibrations, veri-
fying the formation of TiO,. These functional groups emphasize
the role of the plant extract as both a reducing and capping agent
in the synthesis of TiO, NPs. X-ray diffraction (p-XRD) analysis
was conducted to evaluate the crystallinity and phase purity
of the synthesized TiO, nanoparticles (TiO, NPs), as depicted in
Fig. 1d. The broadening of the diffraction peaks confirms the
nanoscale size of the particles. The prominent peaks, along with
their corresponding Miller indices, confirm the crystalline struc-
ture of the TiO, NPs. The observed reflections are consistent with
the hexagonal wurtzite phase of TiO,, matching the standard
reference pattern (JCPDS card no. 00-021-1272). Using the Debye-
Scherrer equation, the average crystalline size of the nano-
particles was estimated to be around 23 nm. In previous studies,
TiO, nanoparticles synthesized using lemon peel extract were
reported to have an average crystalline size of 60 nm.** However,
in our study, the average crystalline size was determined to be
23 nm. These findings suggest that neem flower extract serves as
an effective green fuel for the synthesis of TiO, nanoparticles.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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FESEM and EDX

The FESEM images presented in Fig. 2a-c at varying magnifica-
tions demonstrate that the synthesized particles exhibit distorted
spherical morphologies. This deformation is likely attributed to
the presence of pores within the structural framework of the TiO,
nanoparticles. Elemental analysis of the nanoparticles was per-
formed using EDX spectroscopy, as shown in Fig. 2d. The EDX
spectra revealed prominent peaks corresponding to titanium and
oxygen, confirming the presence of TiO,. The quantitative analy-
sis yielded elemental compositions of 41.50% titanium and
58.50% oxygen, which are consistent with previously reported
findings.

TEM, particle size analysis, and zeta potential analysis

Transmission electron microscopy (TEM) images of the G-TiO,
nanoparticles reveal an average particle size in the range of
20-30 nm (Fig. 3a—-c). HRTEM analysis further confirms
the crystalline nature of the TiO, NPs, showing well-aligned
lattice fringes. The calculated interplanar spacing (d-spacing) is
0.263 nm (Fig. 3c), aligning with the structure of TiO,. The
selected area electron diffraction (SAED) pattern shows con-
centric rings, confirming the polycrystalline nature of the
synthesized nanoparticles (Fig. 3d). As per the previous studies,
TiO, nanoparticles (NPs) synthesized using lemon peel extract
have been reported to have particle sizes ranging from 80 to
110 nm.”® In contrast, the TiO, NPs synthesized in our
study exhibited a much smaller particle size of 20-30 nm.

F—rty
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These findings highlight the effectiveness of neem flower
extract as a green resource for producing TiO, nanoparticles
with reduced particle size.

Particle size analysis (DLS) was performed to determine the
size distribution of the TiO, nanoparticles (TiO2 NPs) in a
dispersed medium. The analysis revealed an average particle
size of 26 nm (Fig. 3e). The polydispersity index (PDI) was
determined using dynamic light scattering (DLS) analysis to
assess the size heterogeneity of the NPs in the sample. The
measured PDI value was 0.118 £ 0.03, indicating high particle
uniformity. Reports suggest that a PDI below 0.3 is suitable for
drug delivery applications. These results highlight the potential
of the synthesized TiO, nanoparticles for various applications.
Zeta potential, a key parameter for assessing the stability and
functionality of nanoparticles, was measured for the synthe-
sized TiO, NPs. The zeta potential value was determined to be
—20.4 mV (Fig. 3f). This relatively low zeta potential suggests
limited electrostatic repulsion between particles, indicating a
tendency for agglomeration in the dispersed medium.

TGA

The thermal stability of titanium dioxide nanoparticles (TiO,
NPs) is essential for their use in electronics, optics, and
catalysis. TGA analysis shows that the sample undergoes
decomposition as the temperature increases, with complete
degradation occurring at 1180 °C (Fig. 4a). The first weight loss
of nearly 1.2%, at 35-150 °C, is attributed to the removal of
moisture and volatile components that act as capping agents

x | High vacuum | 3.0

QUANTA

W Spectrum 1
Wtk o

o s 17

Tio45 17

(A)—(C) FESEM images of the TiO, NPs of different magnifications and (D) EDAX spectrum of the TiO, NPs.
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around the nanoparticles. A second degradation of approxi-
mately 1.5%, between 190 and 450 °C, corresponds to the break-
down of organic molecules, such as phenolics, flavonoids,
precursors, and other biomolecules involved in the biosynthesis

3538 | Mater. Adv, 2025, 6, 3533-3545
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of TiO, NPs. The final degradation of ~0.03% between 500 and
1000 °C may be due to the phase transformation of anatase to
rutile TiO,. In total 2.73% of mass loss was observed, which is
aligned with previous reports suggesting that the quality and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thermostability synthesised TiO, NPs.** The residue left after
decomposition was 97.27% of the initial residue, indicating that
TiO, NPs maintain excellent thermal stability, with minimal
mass loss even at higher temperatures. This stability makes them
suitable for a wide range of industrial, technological, and scien-
tific applications.

Antioxidant activity

The antioxidant activity of TiO, nanoparticles (TiO, NPs) was
assessed using three analytical methods: the DPPH assay,
ferric-reducing power assay, and the phosphomolybdenum
method, with ascorbic acid employed as the standard. The
results, depicted in Fig. 4(b-d), revealed that all three assays
exhibited inhibition rates exceeding 75%, indicating notable
antioxidant efficacy. A positive correlation was observed
between the concentration of TiO, NPs and the percentage of
inhibition, demonstrating a concentration-dependent enhance-
ment of antioxidant activity. The ICs, values were determined
to be 63.24, 54.11, and 58.25 ug mL ™' for the DPPH, ferric-
reducing power, and phosphomolybdenum assays, respectively.
These findings confirm the strong free-radical scavenging cap-
ability of TiO, NPs, underscoring their potential as effective
natural antioxidants. These results were compared with earlier
reports*> and determined their significant importance as a
potential antioxidant agent. Furthermore, there is a non-linear
correlation between the antioxidant activity and band gap energy
of NPs. In molecules like flavonoids, the highest band gap results
in the lowest reactivity and vice versa.*>*” Similarly, TiO, NPs with
a moderate band gap energy (3.13 eV) have significant anti-
oxidant activity due to their ability to participate in the electron
transfer mechanism. The antioxidant activity of the nanoparticles
is another focus area, as oxidative stress is implicated in numer-
ous diseases, including cancer, cardiovascular disorders, and
neurodegenerative conditions. Earlier studies reported on TiO,
nanoparticles synthesized using plum and kiwi peel extracts
exhibited DPPH inhibition of 69% and 59%, respectively.*®
In contrast, TiO, NPs synthesized using neem flower extract
showed over 75% inhibition. These findings confirm the strong
antioxidant potential of neem flower-mediated TiO, nano-
particles. By scavenging free radicals, antioxidant nanoparticles
have the potential to mitigate oxidative damage and improve
health outcomes.

Anti-bacterial activity

The antibacterial activity of nanoparticles is crucial for addres-
sing global challenges such as antibiotic resistance, food safety,
healthcare-associated infections, and environmental contami-
nation. Their versatility and effectiveness make them a valuable
tool for developing innovative solutions across multiple dis-
ciplines. The antibacterial activity of the synthesized TiO,
nanoparticles (TiO, NPs) was evaluated against both Gram-
positive and Gram-negative bacterial pathogens, specifically
Staphylococcus aureus (ATCC 25923) and Pseudomonas aeruginosa
(ATCC 27853) (Fig. 5a and b). The agar well diffusion method was
employed to assess the antibacterial efficacy of the TiO, NPs. The
results demonstrated a concentration-dependent antibacterial

© 2025 The Author(s). Published by the Royal Society of Chemistry
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effect against the tested microorganisms. The ZOI was measured
to be 22 + 0.20 mm for S. aureus and 20 £ 0.50 mm for
P. aeruginosa (Fig. 5a and b). Interestingly, the TiO, NPs exhibited
greater efficiency against Gram-negative bacteria. This enhanced
activity may be attributed to the porous structure of the Gram-
negative cell wall, which facilitates the penetration of TiO, NPs, a
feature not observed in the thicker peptidoglycan layer of Gram-
positive bacteria. In this study, TiO, nanoparticles exhibited a
MIC value of 100 pg mL ™" against the tested bacterial strain(s),
indicating a significant antibacterial effect. The results suggest
that these nanoparticles have potential as an effective antimicro-
bial agent for various biomedical and environmental applications.
The current findings were compared with previous studies on
the antibacterial activity of S. aureus and P. aeruginosa using
TiO, nanoparticles synthesized from plum, kiwi, and peach
peel extracts. These extracts exhibited a zone of inhibition (ZOI)
ranging from 15 to 18 mm.***° However, TiO, NPs synthe-
sized using neem flower extract demonstrated a ZOI exceeding
20 mm. This indicates that our material possesses strong
antibacterial properties against pathogens and has potential
as an effective antibacterial agent.

Anti-fungal activity

The antifungal activity of titanium dioxide nanoparticles (TiO,
NPs) plays a crucial role in developing advanced therapeutic
strategies for combating fungal infections, particularly in the
face of increasing resistance to conventional antifungal agents.
The unique properties of TiO, NPs enable them to target
various fungal species, disrupt biofilm formation, and enhance
the effectiveness of traditional treatments, making them an
important tool in modern medicine. In this study, the anti-
fungal potential of TiO, NPs was evaluated against Candida
tropicalis (ATCC 10231) and Candida glabrata (MTCC 3019),
with ketoconazole used as a control. The zone of inhibition
(zOI) observed was 23 £ 0.10 mm and 22 £+ 0.20 mm at a
concentration of 100 ug mL™* (Fig. 5¢ and d) (Table 1). These
findings are consistent with previous reports, highlighting
the promising potential of TiO, NPs as effective antifungal
agents.*!

DNA binding activity

The UV-visible titration method was employed to evaluate the
binding efficacy of titanium dioxide nanoparticles with calf
thymus DNA, aiming to assess their potential for cancer cell
targeting and DNA interaction. DNA, as a primary pharmaco-
logical target for anticancer therapies, plays a key role in
determining the binding characteristics of these agents. The
results revealed a hyperchromic shift in absorbance intensity
with increasing DNA concentration, indicating both covalent
and noncovalent binding modes. These binding interactions
include electrostatic interactions and groove or intercalative
binding. The intrinsic binding constant was calculated to be
2.658 x 10° M, suggesting a strong affinity between TiO, NPs
and DNA exhibiting the base stacking interactions indicating
groove binding (Fig. 6a and b).”® Molecules that bind to DNA
can influence processes like replication, transcription, and
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Fig. 5 Antimicrobial activity of the TiO, NPs. (A) and (B) Antibacterial activity against (A) P. aeruginosa and (B) S. aureus. antifungal activity against (C) C.

tropicalis and (D) C. glabrata.

Table 1 % Of wound closure on L929 cells at different time intervals

S. no. Time (h) % Of wound closure
01 0 0

02 12 62.36

03 24 75.14

04 48 92.15

repair, and may protect DNA from oxidative damage. Since TiO,
NPs exhibit good antioxidant activities and also good DNA
binding properties, they are potential candidates for therapeutic
applications via protecting DNA in diseases linked to oxidative
stress ie., cancer and neurodegenerative disorders.”

Competitive EtBr quenching assay

A competitive EtBr assay was conducted to analyze the inter-
action between TiO, nanoparticles (NPs) and DNA, utilizing
fluorescence quenching to determine the binding mode. Ethi-
dium bromide (EtBr), a fluorescent compound, emits light at
630 nm in its free state, with its emission intensity increasing
upon binding to DNA. The assay assessed the competitive
binding of molecules to DNA through fluorescence spectro-
scopy by gradually increasing the concentration of TiO, NPs.
As the concentration of TiO, rose, it displaced EtBr from
DNA and attached to the DNA base pairs, suggesting a

3540 | Mater. Adv, 2025, 6, 3533-3545

groove-binding mechanism (Fig. 6¢). The gradual reduction in
fluorescence intensity of the EtBr-DNA complex in the presence
of TiO, NPs indicated that the nanoparticles primarily followed
a groove-binding mode rather than intercalation. This con-
clusion was further supported by the higher binding constant
(K, - 0.986 x 10> M~ ") and the lower Stern-Volmer constant
(Ksv - 0.3321 x 10° M™") and the apparent binding constant

(Kapp — 1.221 x 10° M~ ") (Fig. 6d and e).

BSA binding activity (UV titration method)

UV-vis spectral analysis of BSA (bovine serum albumin) bind-
ing studies provides crucial information about interactions
between BSA and a ligand. Typically, BSA alone exhibits a
prominent absorption peak around 278-280 nm, attributed to
aromatic amino acids like tryptophan, tyrosine, and phenyla-
lanine. Any shift or intensity variation in this peak upon ligand
addition suggests structural alterations due to binding.
As shown in Fig. 7a, free BSA exhibits an absorption peak near
280 nm. Upon the addition of TiO, (10 pL), the absorption
shifts to a lower wavelength with increased intensity, indicating
a hyperchromic shift. This shift suggests that ligand binding
leads to BSA unfolding, making aromatic residues more
exposed to the solvent. Furthermore, as the TiO, concentration
increases from 10 to 80 pL, the hyperchromic effect becomes
more pronounced. These spectral changes suggest the formation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 DNA binding assay of the TiO, NPs. (A) DNA binding via UV titration, (B) linear plot, (C) EtBr quenching assay, (D) Stern—Volmer plot, (E) Scatchard

plot and (F) viscosity analysis.
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Fig. 7 BSA binding assay of the TiO, NPs. (A) BSA binding by the UV method, (B) BSA binding by FL, (C) Stern—Volmer plot and (D) Scatchard plot.
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of a stable ground-state complex between BSA and the ligand.
The observed fluorescence quenching confirms that the primary
quenching mechanism is static quenching, resulting from
BSA-ligand complex formation at the ground-state level.>**°

BSA binding activity (by fluorescence analysis)

The fluorescence titration method was employed to evaluate
the binding efficacy of titanium dioxide nanoparticles (TiO,
NPs) with BSA, a structural analog of HSA. In both static and
dynamic modes, metal complexes bind to proteins, leading to
quenching of the intrinsic fluorescence of aromatic residues
such as phenylalanine, tyrosine, and tryptophan. In this study,
BSA exhibited fluorescence at 345 nm, which significantly
decreased as the concentration of TiO, NPs increased (Fig. 7b).
The quenching constants (Kq) and binding constants (Kgsa) were
determined using the Stern-Volmer equation, eqn (2). The
values for K, and Kgsa were calculated to be 3.32 x 10> M ™!
and 0.332 x 10° M, respectively. The binding constant (K) was
found to be 1.050 x 10° M~'. Furthermore, the number of
binding sites and the binding constants were determined using
the Scatchard equation, eqn (3) (Fig. 7c and d). These results
strongly suggest that TiO, NPs exhibit a high binding affinity
toward serum albumin, supporting their potential application in
cancer treatment due to their robust binding nature.

Viscosity studies

Viscosity measurements serve as a valuable tool for investigat-
ing the interaction between TiO, nanoparticles (NPs) and DNA,
offering insights into the binding mechanism. An increase in

View Article Online
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viscosity typically indicates intercalation, whereas minimal
changes suggest groove binding or electrostatic interactions,
and a decrease implies DNA condensation or aggregation.
In this study, minimal or no change in viscosity was observed
(Fig. 6f), indicating that TiO, NPs interact strongly with DNA
through groove binding. These findings are consistent with
results from prior UV-vis titration experiments.

In vitro cytotoxicity

Cytotoxicity assessment is a crucial step in determining the
biocompatibility and therapeutic potential of nanoparticles.
The cytotoxic effects of the synthesized TiO, NPs are evaluated
against cancer cell lines to explore their potential as anticancer
agents. The mechanism of cytotoxicity, including the induction
of reactive oxygen species (ROS) and apoptosis, is also investi-
gated to provide insights into their mode of action. To evaluate
the cytotoxicity and cell viability of the nanoparticle formula-
tion, the MTT assay was conducted using cisplatin as the
positive control and DMSO as the solvent control. Various
concentrations of NF-TiO, NPs, ranging from 10 ug mL " to
100 pug mL ™', were tested against normal HEK-294 cells
(Fig. 8a-c). The results demonstrated that cell viability
remained above 80% even at the highest concentration of
100 ug mL™', indicating that NF-TiO, NPs exhibit low toxicity
within the tested concentration range (Fig. 8d). Compared to
previous studies, commercially available TiO, nanoparticles
(NPs) have been reported to exhibit only 50% cell viability
in HEK-293 cell lines at a concentration of 100 pg mL '.%°
In contrast, our green-synthesized TiO, NPs demonstrated

Fig. 8

3542 | Mater. Adv,, 2025, 6, 3533-3545

Cell Viability(%)

0 10 20 30 40 50 60 70 80 90 100
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(A)-(C) Treatment of the TiO, NPs with HEK-293 cells. (D) Cell viability of the TiO, NPs.
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B) fluorescence images of the in vitro wound scratch assay of the TiO, NPs on L929 cells at 0, 12, 24, and 48 h.

Fig. 9 (A) Normal and (

significantly higher cell viability at 80%. Similarly, in another
study, TiO, NPs synthesized using Tulbhagia violacea extract
showed only 20% cell viability at the same concentration.’”
These findings suggest that neem flower-mediated TiO, NPs
exhibit lower toxicity and better biocompatibility with normal
HEK-293 cells, resulting in higher cell viability. These findings
indicate the low toxicity of metal oxide nanoparticles in non-
cancerous cell lines, further supporting their potential for safe
clinical application.

In vitro wound scratch assay

An in vitro wound scratch assay was performed to assess the
impact of titanium dioxide (TiO,) nanoparticles on L929 fibro-
blast cell lines. Cell migration was tracked at various time
points after the scratch was introduced. The findings revealed
a progressive, time-dependent enhancement in wound closure,
reaching 62% at 12 hours and peaking at 92% by 48 hours
(Table 1 and Fig. 9). These results highlight the notable wound-
healing properties of green-synthesized TiO, nanoparticles in
L929 cells, underscoring their potential as a promising ther-
apeutic option for skin-related ailments.

Conclusions

This study underscores the potential of neem flower-mediated
green synthesis as an eco-friendly method for producing multi-
functional TiO, nanoparticles. Key attributes such as binding
properties, antioxidant activity, cytotoxicity, and antimicrobial
effectiveness are explored due to their significance in biomedical
and environmental applications. The binding interactions of
TiO, nanoparticles synthesized with neem flower extract are
analyzed to understand their compatibility with biomolecules
and other substances, which is crucial for applications like
drug delivery, biosensing, and catalysis. The cytotoxic potential
of these nanoparticles is assessed against cancer cell lines to
evaluate their suitability as anticancer agents. Additionally, their

© 2025 The Author(s). Published by the Royal Society of Chemistry

antimicrobial activity is tested against various pathogenic bacteria
and fungi, demonstrating their efficacy in combating microbial
infections. The wound healing activity of synthesized NPs shows
good to excellent activity. Leveraging the bioactive compounds in
neem flowers enhances the biological performance of the synthe-
sized nanoparticles, positioning them as promising tools for
medical and environmental advancements. This research con-
tributes to the field of green nanotechnology by highlighting
the value of plant-based resources in nanoparticle synthesis for
sustainable development.
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